The scanning tunnelling microscope (STM) 1 relies on localized electron tunnelling between a sharp probe tip and a conducting sample to attain atomic-scale spatial resolution. In the 25-year period since its invention, the STM has helped uncover a wealth of phenomena in diverse physical systems-ranging from semiconductors 2,3 to superconductors 4 to atomic and molecular nanosystems [5] [6] [7] [8] [9] . A severe limitation in scanning tunnelling microscopy is the low temporal resolution, originating from the diminished high-frequency response of the tunnel current readout circuitry. Here we overcome this limitation by measuring the reflection from a resonant inductor-capacitor circuit in which the tunnel junction is embedded, and demonstrate electronic bandwidths as high as 10 MHz. This 100-fold bandwidth improvement on the state of the art translates into fast surface topography as well as delicate measurements in mesoscopic electronics and mechanics. Broadband noise measurements across the tunnel junction using this radio-frequency STM have allowed us to perform thermometry at the nanometre scale. Furthermore, we have detected highfrequency mechanical motion with a sensitivity approaching 15 fm Hz 21/2 . This sensitivity is on par with the highest available from nanoscale optical and electrical displacement detection techniques, and the radio-frequency STM is expected to be capable of quantum-limited position measurements.
The scanning tunnelling microscope (STM) 1 relies on localized electron tunnelling between a sharp probe tip and a conducting sample to attain atomic-scale spatial resolution. In the 25-year period since its invention, the STM has helped uncover a wealth of phenomena in diverse physical systems-ranging from semiconductors 2, 3 to superconductors 4 to atomic and molecular nanosystems [5] [6] [7] [8] [9] . A severe limitation in scanning tunnelling microscopy is the low temporal resolution, originating from the diminished high-frequency response of the tunnel current readout circuitry. Here we overcome this limitation by measuring the reflection from a resonant inductor-capacitor circuit in which the tunnel junction is embedded, and demonstrate electronic bandwidths as high as 10 MHz. This 100-fold bandwidth improvement on the state of the art translates into fast surface topography as well as delicate measurements in mesoscopic electronics and mechanics. Broadband noise measurements across the tunnel junction using this radio-frequency STM have allowed us to perform thermometry at the nanometre scale. Furthermore, we have detected highfrequency mechanical motion with a sensitivity approaching 15 fm Hz 21/2 . This sensitivity is on par with the highest available from nanoscale optical and electrical displacement detection techniques, and the radio-frequency STM is expected to be capable of quantum-limited position measurements.
In typical STM operation, the tip is scanned over the sample surface, while keeping the tunnel resistance R T constant in the range 1 MV # R T # 1 GV. The stray capacitance C P in the macroscopic wiring limits the bandwidth, in most cases, to 1/2pR T C P < 10 kHz. This is far from the fundamental limit, I T /e, which is the tunnelling rate of a single electron determined by its charge e. For a typical tunnel current I T < 1 nA, this suggests an available bandwidth of ,1 GHz. So far, researchers have demonstrated several avenues towards achieving better time resolution with the STM. Direct radio-frequency (RF) measurements on the tunnel current have shown signatures of electron spin resonance at high frequencies 10, 11 . Using several amplifier stages instead of a single trans-impedance amplifier 12, 13 improves the time resolution by roughly an order of magnitude, but with an undesirable reduction in the signal-to-noise ratio. Optically based pump-probe techniques 14, 15 , in rather complex experimental geometries, have allowed for picosecond time resolution in the tunnel current after long averaging times. Our approach here is to read out the tunnel junction resistance directly by engineering an inductor-capacitor (LC) impedance transformation network. Such impedance matching has been used to dramatically improve the read-out bandwidth and coupling efficiency of high impedance nanoscale devices such as single electron transistors 16 , atomic point contacts 17 and nanomechanical resonators 18 .
The essential components of the RF-STM are shown in the block diagram of Fig. 1a . The large tunnel junction resistance R T is transformed down by an LC impedance transformation network, also called the tank circuit, which is coupled to a 50-V low-noise RF amplifier. In our implementation, the RF circuit is placed on a small circuit board and mounted in a variable temperature STM; it does not disturb the conventional low-frequency circuit of the STM (see Methods for a description of the apparatus). At the resonance frequency f LC of the LC circuit, the total impedance becomes Z RLC 5 Z LC 2 /R T , where the inductance L and capacitance C determine Z LC : Z LC~ffi ffiffiffiffiffiffiffi ffi L=C p
. By engineering Z RLC appropriately, one can couple the small changes in R T efficiently into the high-frequency measurement circuit. Figure 1b illustrates the underlying principle of RF-STM operation. The inset shows the reflected power from the resonant LC circuit at different R T as a function of frequency, as the tip is lowered towards a flat region on a Au surface. The changes in R T result in changes in the damping of the resonant LC circuit (made up of a 2 mH chip-inductor and a 0.33 pF chip-capacitor), thereby changing the reflected power. The tip-sample capacitance is ,1 fF (ref. 19 ) and does not load the circuit. With additional stray capacitances on the circuit board, the tank circuit resonates at f LC < 115 MHz. The main panel of Fig. 1b shows the on-resonance amplitude of the reflection coefficient,
In RF-STM operation, the displayed change in C f LC ð Þ j jwith R T , namely, with the tunnel gap z, provides transduction of displacements into electrical signals. An approximate C f LC ð Þ j jversus z calibration can be naively obtained ( Fig. 1b , upper axis) by assuming point contact at R 0 < 25 kV and an exponentially increasing tunnel resistance, R T < R 0 e 2kz . For the Au surface, k < 1 Å 21 is obtained from further measurements (see below, and Supplementary Information section 2).
The most straightforward way to demonstrate fast imaging by the RF-STM is in the 'constant height' mode. Here, after reducing the STM feedback gain, RF power at frequency f LC is launched towards the tip at each scan grid point; the reflected power is then measured (see Methods). Owing to the reduced feedback, surface height variations and the subsequent R T variations result in contrasts in the reflected power image. Ideally, the minimum measurement time at each scan point is set by the 2-MHz bandwidth of the tank circuit (half-width at half-maximum, HWHM), and is ,0.1 ms. In practice, our measurement speed is limited by the kHz-range resonances of the STM tube scanner (see Methods for further discussion of bandwidth). Figure 1c and d show images of a 100 nm 3 100 nm area of a Au-on-mica sample taken by constant-current STM and RF-STM, respectively. The ,2.3-Å step heights observed are close to those of single Au(111) steps 20 . The RF-STM image has negative contrast as compared to the constant-current STM image: the higher the feature on the surface, the smaller the R T and hence, the smaller the reflected power.
To calibrate the RF circuit, we have used the shot noise in the tunnel current. In shot noise measurements, we remove the directional coupler and analyse the voltage fluctuations with a spectrum analyser (SA; Fig. 2a inset). The main panel of Fig. 2a shows a typical measurement of the shot noise power collected in the tank circuit. The first step in the calibration is the extraction of the tank circuit Q.
The spectral density S I of the shot noise satisfies 21
This expression depends upon R T , I T and the absolute temperature T as well as the Boltzmann constant k B and the electronic charge e. Measurement of S I can be used to determine 22 : (1) the gain-bandwidth product (GBW) of the amplifier when I T R T wwk B T =e; and (2) the noise injected by the circuit when I T R T < 0. Figure 2b demonstrates the calibration process carried out at two different R T values at 77 K. After accounting for the excess noise and the GBW, the data are fitted by the function in equation (1) using T 5 77 K. Beyond calibration, shot noise in the tunnel current can be used for primary thermometry, where the extracted temperature is only a function of fundamental physical constants with no need for further calibration. Shot-noise-based primary thermometry was recently demonstrated in lithographic metallic tunnel junctions 22 . Here we extend this approach to nanometre-scale tunnel junctions using the RF-STM. In these experiments, we keep the tip-sample gap fixed and measure the shot noise power at three different bath temperatures, to which both the tip and the sample are anchored. Figure 2c displays the effect of temperature on the noise power in RF-STM measurements. After removing the GBW and the excess noise, the temperature can be extracted from fits to equation (1) . The expected temperature dependence in Fig. 2c encourages us to propose thermal imaging based on an RF-STM. In such an endeavour, one could measure the shot noise as a function of position over a sample surface, where there are local temperature deviations from the bath temperature. A straightforward analysis (see Supplementary Information section 1 and Supplementary Fig. 1 ) shows that the measured 'effective' shot noise temperature becomes T eff < (T T 1 T S )/2 when the tip and sample are at different respective temperatures T T and T S -thereby conveying information about the local temperature variations. We believe that the RF-STM, with its broad bandwidth and nanometre-scale spatial resolution, is particularly suited for rapid thermal imaging 23 of technologically important devices-for example, advanced semiconductor chips, where heat flow at the nanoscale is currently the limiting factor on density and clock speed. Our estimates suggest that, at 300 K, with a background noise of 70 K, a 100 pixel 3 100 pixel thermal image with ,1 K temperature resolution should be achievable in ,100 s (see Methods and Supplementary Information section 1). The spatial resolution in such a measurement should be determined by the nanoscale tunnel junction area.
The RF-STM can be used as a local broadband displacement sensor with ultrahigh displacement sensitivity 24 -in theory, limited by quantum mechanics [25] [26] [27] . In order to demonstrate this, we have performed displacement measurements on two different systems: a flat Au sample shaken by a piezoelectric actuator, and a micromechanical membrane excited at its resonant modes. Figure 3a and b respectively depict the simplified measurement set-up and a typical measurement obtained from this set-up. In the measurements, RF power at frequency f LC is launched towards the tunnel junction, while the surface motion at frequency f M modulates the reflected power. Data plotted in Fig. 3c are obtained from a collection of such reflection measurements on the Au surface as the surface oscillation amplitude Dz is increased. For small Dz, the sideband peak amplitude depends linearly on Dz. It is possible to obtain an estimate for the displacement sensitivity ffiffiffiffiffiffiffiffiffiffiffiffi S z (f M ) p achievable by the RF-STM from this measurement. The spectral density S Vr (f LC +f M ) of the RF voltage noise in the sideband limits the displacement sensitivity as
Here, V c is the amplitude of the RF carrier at frequency f LC and L C j j=Lzj R T represents the change in C with z around the bias point.
Limited by the amplifier noise floor, we estimate ffiffiffiffi ffi S z p <15fmHz {1=2 when R T < 1 MV. The data in Fig. 3c in conjunction with the data in Fig. 1b also allow a direct measurement of the decay constant as k < 1 Å 21 (see Supplementary Information section 2) . Here, the piezoelectric actuator is driven by a network analyser. The RF-STM signal is mixed-down with the carrier signal and is input into the detection port of the network analyser. The inset shows the measured eigenfrequencies as a function of mode number (m,n) of a membrane under tension. Note that the mode corresponding to (n,m) 5 (2,1) is missing in the spectrum. In a set of swept frequency measurements, we obtain the eigenmode frequencies of a membrane resonator (Fig. 3d ). The micromechanical resonator is a (w 3 l 3 t < 65 mm 3 70 mm 3 40 nm) silicon nitride membrane patterned with alignment marks and coated with a 25-nmthick Au film (see Supplementary Information and Supplementary  Fig. 3 ). In these measurements, the membrane motion is excited by the piezoelectric actuator; the RF-STM tip is positioned on a desired point on the moving membrane and the reflected power is monitored as a function of the drive frequency. The mode frequencies f mn agree with optical interferometry measurements and accurately fit those of a membrane under tension, f mn ! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi m 2 zn 2 p (see Supplementary Information section 3)-as shown in Fig. 3d inset. Beyond displacement detection, this technique would be especially useful for imaging nanoscale motion. We also note that we observe back-action of the tip on the membrane motion (for example, due to electrostatic forces) resulting in perturbation of the observed mechanical parameters. Both mode imaging and back-action will be the subject of future work.
We expect the RF-STM to be applied to a number of important scientific and technological problems. The simplicity of the technique adds to its attractiveness: (1) relatively minor modifications to an existing STM are required; (2) the RF components are readily available; and (3) the RF circuit can work under a wide range of conditions, for example, in high vacuum, at low temperature, and in high magnetic field. From a microscopy point of view, a second-generation RF-STM, which could scan at speeds comparable to its augmented electronic bandwidth, would be the next step in development work 28 . A broadband STM controller circuit, which can feedback on the RF signal, would also be useful.
The RF-STM is well suited to the study of the dynamics of electronic phenomena with possibly atomic-scale resolution. An excellent example of this is the investigation of electron spin resonance. The tunnel current modulation at the Larmor precession frequency f ESR of the electrons can be measured conveniently by a RF-STM. A direct way to detect narrowband ultrahigh-frequency current modulations at f ESR , even with the current ,200 MHz tank frequencies, is to launch RF signals to the tunnel junction at ,f ESR 1 f LC and detect the modulation sideband at ,f LC . This approach is limited only by the typical tunnelling time for electrons. RF-STM-based shot noise measurements on exotic superconductors may enable the fast determination of quasi-particle nature 29 .
Finally, electron tunnelling is expected to enable quantummechanically-limited position detection [25] [26] [27] . Research in this direction has begun to uncover interesting physics-in particular, the nature of back-action in detecting nanomechanical motion 17, 30 . The RF-STM has the potential to further such studies, given that it is possible to tune the interaction strength and the position of the tip on the moving structure.
METHODS SUMMARY
The STM head design is a standard one, which comprises several piezoelectric elements. The head can be inserted into a continuous flow cryostat with a base temperature of 2.6 K. The STM-cryostat sits on an optical table for vibration isolation and can be pumped down to pressures below 1 torr. In the experiment, the tunnel bias voltage is connected to the sample. The LC network for transforming the tunnel junction resistance is attached to the STM tip; the rest of the circuit elements are placed on a small circuit board and are connected to the LC circuit embedding the tunnel junction. For imaging, the reflected power from the resonant circuit is detected using a homodyne power detector. In the shot noise measurements, the RF excitation arm of the circuit is removed and the homodyne detector is replaced with a spectrum analyser. In the displacement sensitivity measurements, the full circuit is used; the spectrum of the reflected signal is measured using a spectrum analyser. In the membrane mode measurements, swept frequency measurements are performed using a network analyser.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
